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Introduction Polyurethanes
The production of polyurethanes (PUs) relies on the fact that a polyisocyanate will react exothermically with a compound containing active hydrogen groups (for example a polyol) to produce the PU itself. 1 Polyurethanes are one of the most versatile polymers, and can be produced in densities ranging from 6 to 122 kg m 23 and a wide array of stiffnesses. It is this versatility that has encouraged the use of PUs in their different forms throughout virtually any major industry that can be mentioned. Polyurethanes can be found in varying forms throughout almost every industry, whether as rigid insulation for refrigerators, as some form of adhesive, or as flexible foams for cushioning. One of the most common methods of forming a PU foam part is to take the two raw material components, meter them in a set ratio, and mix them just before injecting them into a mould. The mixture reacts exothermically within the mould, expanding to fill the tool.
Part release
The use of a traditional aluminium or steel mould generally requires the spray application of a mould release agent (MRA), normally before each moulding.
Many of these spray-on MRAs emit volatile organic compound (VOC) emissions, which are the subject of European legislation 2 restricting the levels of these materials which may be released into the atmosphere. A previous study, carried out by the US Environmental Protection Agency, 3 estimated VOC emissions from mould release agents to be ,114 000 t year
21
. The study also found that PU moulding operations accounted for 25% of the total MRA emissions, the majority of which were comprised of automobile seat and other foam moulding operations.
Additionally it has been shown that reducing or eliminating the use of release agents can achieve high productivity gains. 4 One company alone 5 currently spends £150 000 annually on release agents, as well as owning £275 000 of capital equipment which is specifically employed to apply these materials. In addition to these basic costs, substantial time is spent on mould cleaning to remove build-up of MRAs, costing between £750 and £2500 per tool per month.
A major disadvantage of using temporary release agents is the addition of an extra step to the moulding cycle. In the case of large tools, and depending on the method of application, this can account for fairly high percentages of the overall cycle. According to General Motors, the elimination of MRAs can save 25 s per part, and result in a 50% increase in productivity. 6 It has ever been shown that it is possible to achieve increases in the number of parts produced per shift of ,100% by the elimination of the release agent step of the cycle.
The limitations described here lead to the conclusion that the elimination of the requirement for MRAs would be extremely beneficial both to the PU foam moulding industry, and ultimately to the environment as a whole.
Previous experimental results
Previous research by the authors of the present work 8, 9 first confirmed the theory that a polymer mould could be used to provide unaided release of PU foam parts. However, it was also shown that not all polymers were capable of releasing the PU foam, and that some would only release under certain conditions. Three variables, the mould material (and more specifically its surface energy), the roughness of the polymer surface, and the proportion of isocyanate in the foam composition, were shown to be the dominant factors affecting the ability of the surface to release a PU foam part. Additionally, the temperature of the mould, and the demould time (the time between metering of the raw materials, and removal of the moulded part) were shown to have no significant effect on the likelihood of release. These findings have been built upon here, as discussed in the following sections.
Experimental work Aim
The aim of the research reported here was to build upon the findings of the previous research first by quantifying the effects of each of the three factors identified as being significant on the ability of a polymer substrate to release a PU foam part. Second the present work sought to determine whether or not it would be possible to predict the likelihood of release given the input of the level of each of the factors. This ability, if shown to be possible, would have immense benefits for companies wishing to switch to a polymer mould, as it would demonstrate that the likelihood of release is not simply random, and rather that it is possible to assess whether or not a particular mould would be likely to release the specific raw material composition in use, before the requirement to produce costly tooling.
Experimental methodology

Substrate selection
Three materials, polytetrafluoroethylene (PTFE), polypropylene and polymethyl methacrylate (PMMA), were selected for testing, as the literature suggested that they would have a low, medium and high value of surface energy. 10, 11 Test substrates were produced from each of the three materials, in sheets of 150615065 mm.
Contact angle measurement and surface energy calculations
The contact angles of two different liquids (diiodomethane and distilled water) were measured on each of three different substrate materials, using an OCA 20 machine from DataPhysics. 12 The overall surface energy of each substrate was then calculated using equation (1), 13 where c p is the polar component of the surface energy, and c d the dispersive component
The use of diiodomethane, with no polar component, first allowed the dispersive component of the surface energy to be calculated. These values were then combined with the results obtained from distilled water, in order to calculate the polar component. The overall surface energy was then obtained simply by the addition of the two components. Three samples of each substrate material were tested, at four different positions on each.
The average surface energy for each material can be seen in Table 1 .
Surface roughness preparation and measurement Once surface energy values had been obtained, the samples were roughened manually, and their R a value measured using a Talysurf 4 surface profilometer from Taylor Hobson. 14 Table 1 shows the values recorded for each level of roughness.
Foam ratios
Volumetric foam ratios were between a ratio of 10 : 7 (polyol/isocyanate) and 10 : 9. This range was selected to enable testing with a 10% higher and 10% lower proportion of isocyanate than the 10 : 8 ratio most frequently used in production. Ratios were controlled using the gearing within the moulding equipment, and monitored regularly.
Temperature and demould time
Previous research 9 had shown that the demould time and temperature did not have a significant effect on the likelihood of release. These were therefore not varied, and instead were maintained at constant levels throughout all experiments. Table 1 summarises the levels selected for each factor.
Experiment design
A D optimal design of experiment structure 15, 16 was used to generate a 40 run experiment, including low, medium and high (21, 0, z1) levels of each of the three factors to be assessed, using the DesignExpert software available from StatEase Inc.
Flexible foam parts were produced using a polyol and isocyanate produced by Huntsman Polyurethanes, 17 and moulded into a cylinder clamped onto the test substrate (see Fig. 1 ), in order to ensure that they were moulded onto the same area for each experiment. An M8 two component metering/mixing machine, manufactured by Unipre GmbH 18 was used to ensure accurate and repeatable production of the foam. Parts were removed manually from the substrates, and the number of releases, up to a maximum of 10 parts, was recorded for each set of conditions. 
Experimental results
As mentioned previously, each substrate was tested up to a maximum of 10 parts. Each experimental run in fact recorded a value of zero or ten releases, demonstrating that a substrate either will or will not release under a set of conditions, rather than perhaps releasing one or two parts and then failing. This is seen to be particularly important in the modelling work described at a later point.
Significance of factors
As discussed, the first aim of the present work was to quantify the effects of each of the three main factors, and to identify the hierarchy of importance for these factors. The following sections detail the effects of each of the main factors.
Surface energy Figure 2 shows the average number of releases at each of the three original levels. It can be easily observed that an increase in the surface energy of the substrate leads to a substantial decrease in the ability of that substrate to release the PU foam.
As discussed previously, the surface energy of a substrate will have a large influence on the formation of an adhesive bond with a moulded material. If a material in its liquid state cannot thoroughly wet the surface of the substrate, it is difficult for substantial adhesion to occur, as much of the substrate is not in intimate molecular contact with the moulded material.
However, in this case the lack of wetting achievable on a surface with a low surface energy is not the sole reason for the effect on the likelihood of release. In general the surface energy of a specific polymer can be related to the number of hydroxyl groups present in its structure. A substrate with a higher surface energy will generally have more hydroxyl groups than one with a lower surface energy. 19 As discussed previously, the formation of a PU relies on the ability of an isocyanate to react with a material with a high concentration of active hydrogen. While the planned reaction in this process is with a polyol, the isocyanate will also react with any other hydroxyl compounds available, including those present in the polymer substrates being moulded onto here, forming chemical bonds across the interface between the part and its mould. The higher proportion of hydroxyl groups in the higher surface energy substrates therefore provides more opportunity for the formation of these chemical bonds, and therefore enables greater adhesion to take place. Figure 3 shows the effect of the surface roughness of the substrate on the average number of releases recorded.
Surface roughness
It can be seen that an increase in the roughness of the surface led to a decrease in the likelihood of release. The use of a surface with a higher roughness provides a greater surface area for the moulded material over which adhesive bonds may form, resulting in an overall increase in adhesive force, and thus increased difficulty of part release. Figure 4 shows the effect of the foam composition on the average number of releases.
Foam composition
It can be seen that an increase in the proportion of isocyanate in the mixture corresponded to a decrease in the ability to release a PU foam part from the substrate. As discussed in the results of the substrate surface energy, any excess isocyanate in the PU raw materials will be able to react with hydroxyl groups present on the surface of the substrate. As the proportion of isocyanate is increased, the amount available to form these bonds also increases, providing more chemical bonding across the interface, and therefore higher adhesive forces and more difficult release.
In order to show that the reason for the trend discussed in this section was in fact due to increased adhesion at higher proportions of isocyanate, rather than a reduction in the cohesive strength of the foam itself, in addition to analysing the results gained from varying the foam composition, tensile tests were carried out on the foam at each of the three main ratios. Figure 5 shows a photograph of a part which failed to release. It can be seen that, rather than failure occurring at the interface between the moulded foam and the substrate, tearing occurred within the foam itself. This led to a proportion of the foam remaining stuck to the substrate, as shown in the photograph. The tensile tests were therefore carried out, using an Instron 3366 materials testing system. 20 Figure 6 shows the tensile strengths of a series of parts produced at each ratio.
It can be seen that the tensile strength of the foam actually increased with increasing proportions of isocyanate, thereby confirming that the foam was not weaker at these high ratios, and that it could confidently be stated that the increased difficulty of release was in fact related to the adhesive forces developed over the interface. Table 2 summarises the main factors and the effect on the average number of releases for each.
Summary of main factor effects
It can be seen that the greatest effect was observed from changing the surface energy of the substrate, followed by its surface roughness. The foam composition, while also having an effect, was the least important of the three factors.
Interactions
In addition to assessing the effects of the main factors, it is also relevant to include a brief discussion of the interactive effects between these factors. It is often the case in any process that the effect of changing the level of one factor is greater at a high level of another factor than that at the lower level, as will be seen in the following discussions. It can be seen that at the low value of surface energy the foam composition showed no effect on the number of releases achieved, whereas at the high level of SFE an increase in the isocyanate content of the foam corresponded to a decrease in the likelihood of release. As discussed previously, at a high level of surface energy there is a higher number of hydroxyl compounds available to react with excess isocyanate in the mixture, leading to a further increase in adhesion as the proportion of isocyanate is increased. However, when considering a substrate with a very low surface energy, there are so few reactive groups present that even when an excess of isocyanate is present there will still be extremely limited possibilities for chemical bonding. Surface roughness/surface energy Figure 8 shows the effect of different levels of roughness on varying the surface energy of the substrate. It can be seen that at a low level of roughness, the effect of increasing the surface energy is less than that at higher roughness levels.
The manufacturing method for the mould, and the level of finishing, would be expected to have an effect on the roughness of the surface; however, a higher level of finishing would often add cost and time to the production of the mould. A manufacturer would need to take these factors into consideration before embarking on production of a mould, and would need to determine whether it would be more cost effective to use a rougher mould manufactured from a material with a lower surface energy material, or to produce a mould from a different material, but with a higher level of finishing.
Surface roughness/foam composition Figure 9 shows the interaction between the surface roughness and the foam composition.
It can be seen that the level of surface roughness had very little effect on the effect of the foam composition on the likelihood of release, and is clearly the least significant of the interactions discussed here.
It can clearly be seen from the preceding discussions that, when considering a substrate with a low surface energy, the release process is substantially more robust to variations in the remaining two factors. This suggests that fluctuations in the proportion of isocyanate, or in the roughness of the surface, would have less of a detrimental effect when using a substrate such as PTFE. However, the cost of producing a PTFE mould may well be greater than that for other polymer with slightly higher surface energies. In this case, the ability to predict the likelihood of release under certain conditions would be invaluable to a manufacturer wishing to produce a mould which is capable of providing unaided part release, while at the same time minimising the costs of this production.
Prediction of release
The results of the experimental work were analysed using the DesignExpert software and used to create a model to predict the likelihood of release (equation (2)). As the experimental work recorded a numerical value of the releases, it was not possible to generate an exact 'yes or no' response, but it was anticipated that a range of predicted values could be established within which it could be confidently stated that release or non-release would occur Figure 10 shows the actual and predicted values for each of the 40 experimental runs. It is important to note that the 'actual' values presented here do not signify that a substrate would only release 10 parts before failing, as the maximum number of parts tested was 10. A substrate returning a value of zero released would therefore be classed as showing no potential to be self-releasing, and one recording the full ten releases would be considered to be a viable option to provide unaided part release. It can be seen that all but one data point (run 40) was predicted within ¡2 of the actual number of releases, and that there was a definite range of values (between 2 and 8) within which no points were predicted. It was therefore considered that these ranges could be classed as a benchmark for predicting the likelihood of release. Table 3 shows the range of values within which release or non-release could be predicted with some confidence.
Validation of model
In order to verify and improve upon the model discussed in this section, a selection of further experiments was performed, and the accuracy of the predictions were assessed. A random selection of 10 additional experimental runs was made, featuring at least one intermediate level not previously assessed of one of the factors. It was not possible to obtain a readily available engineering Table 4 shows the revised factor levels available for selection. As previously, the demould time was maintained at 9 min, and the mould was held at room temperature throughout. Figure 11 shows the actual and predicted values for each of the ten validation runs carried out.
It can be seen that in some cases the predicted values were less accurate for these intermediate points than for the previous experimental points, although the predicted values for all samples not releasing fell below 4, and all those for samples which did release were .7. However, it was felt that the use of the results gained here would allow the overall refinement of the model.
A refined model was produced (equation (3) Figure 12 shows the predictions provided by the revised model; the results of the original model are included for comparison. It can be seen that the accuracy of predictions for these points was substantially greater than those gained when using the original model. The average deviation (residual) from the actual results was 1?97 for the original model prediction; this deviation was reduced to 1?14 in the revised model. Figure 13 now shows the predictions from both models for the whole data set, including all 40 original runs, and the further 10 included for validation.
The mean residual for the revised model was slightly higher than that for the original model (0?89 versus 0?81); however, the standard deviation of the data set was lower (0?63 versus 0?91). Although there was some perceived difference in the accuracy of the two models, particularly for the validation runs, a T test carried out on averages of the two data sets showed that, overall, there was no statistical difference between the two. It was therefore decided that any further experimentation and model refinement would not be expected to show a substantial improvement, and therefore no further work was carried out on this.
Conclusions
The ability to eliminate the use of release agents has many potential implications, both for PU foam manufacturers and for the wider community in general. However, the release of PU foam parts is currently somewhat of a 'black art', with manufacturers relying on trial and error to find a suitable solution, and leading to a reluctance by many to investigate new solutions. This research has attempted to show that a more scientific approach can be taken to the problem, and that it is possible to identify certain mould parameters and Table 3 Range of values for prediction
Predicted value
Expected release
Inconclusive (8)- (12) Yes 10 operating conditions under which unaided part release is most likely. The research described here has shown that it is possible to predict, with a relatively high degree of accuracy, the likelihood of releasing a PU foam part from a polymer substrate, given the input of the surface energy and roughness of the substrate, and the composition of the foam itself. This in turn will allow a foam manufacturer to identify a range of mould parameters under which release could be expected, preventing the costs and times associated with attempting to test a wide range of suitable materials.
It has also been shown that the surface energy of a polymer mould will have the most dominant effect on the release of PU foam moulded parts, followed by the roughness of the mould itself, and finally the proportion of isocyanate in the foam.
This confirms that the surface energy of the mould is the major determining factor in whether or not part release can be expected, and also that at low surface energies the process is most robust to changes in other parameters. Coupled with the less major effect of the foam composition, this has promising implications given the fluctuations in foam composition that occur during the normal running of the moulding process.
The effect of surface roughness suggests that if even further enhanced release is required it would also be possible to increase the level of finishing applied to the mould in order to lower the roughness and improve the chances of release. This may also in some cases affect the choice of manufacturing method for the mould itself.
